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MouseThe role of retinoic acid (RA) in limb development is unclear, although it has been suggested to be a
proximalizing factor which plays a morphogenetic role in pattern formation. Exogenous RA produces a
teratogenic effect on limb morphology; similarly, changes in the endogenous distribution of RA following
genetic ablation of the RA-metabolizing enzyme, CYP26B1, result in phocomelia accompanied by changes in
expression of proximo-distal (P–D) patterning genes, increased cell death, and delayed chondrocyte
maturation. Here we show that disruption of RA receptor (RAR) gamma in a Cyp26b1−/− background is able
to partially rescue limb skeletal morphology without restoring normal expression of proximo-distal
patterning genes. We further show that embryos deﬁcient in CYP26B1 exhibit early localized domains of
mesenchymal cell death, which are reduced in compound-null animals. This model reveals two genetically
separable effects of RA in the limb: an apoptotic effect mediated by RARγ in the presence of ectopic RA, and a
P–D patterning defect which is uncovered following the loss of both CYP26B1 and RARγ. These data provide
genetic evidence to clarify the roles of both RA and CYP26B1 in limb outgrowth and proximo-distal
patterning.d Molecular Medicine, Queen's
613 533 6830.
.
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Retinoic acid (RA), the principally activemetabolite of vitamin A, is
required for normal embryonic development. However, maintaining
appropriate levels of RA during development is essential, as
inappropriate exposure of RA-sensitive tissues to excess levels results
in teratogenicity. RA can elicit transcription through nuclear hormone
receptor complexes consisting of retinoic acid receptor (RARα, β, γ)
and retinoidXreceptor (RXRα, β, γ) heterodimers, which act, in
general, as ligand-activated transcription factors at RA response
elements (RAREs) (Mark et al., 2006; Niederreither and Dolle, 2008).
The receptor isoforms are widely expressed throughout the embryo
during all stages of development (Dolle et al., 1989; Dolle et al., 1990;
Ruberte et al., 1991; Ruberte et al., 1990), and although there is some
tissue-speciﬁcity for the various isoforms, the receptors exhibit
considerable functional redundancy (reviewed in Mark et al., 2009).
Thus, essentially all cells within the embryo are able to respond to RA,
in principle. This means that proper regulation of RA distribution
during embryonic morphogenesis is necessary to limit tissue
exposure. Regulation of RA distribution is accomplished primarily
via strict localized RA synthesis and degradation by the RALDHenzymes (RALDH1-3) and CYP26 enzymes (CYP26A1, B1, and C1),
respectively (Duester, 2008; Niederreither and Dolle, 2008).
Genetic inactivation of each of the RA receptor isoforms and
isotypes, Raldh's, and Cyp26s, either alone or in combination, has
revealed some speciﬁc roles for each of these proteins in controlling
RA signalling and has uncovered tissues where RA is required, active,
and harmful. One such tissue that is acutely sensitive to changes in
RA availability is the developing limb. The limb is an important
heuristic model for studying the molecular and cellular biology of
pattern formation and signal transduction, ultimately leading to
morphogenesis of a highly complex but systematically reproducible
structure. The limb bud originates as a protrusion of mesenchymal
cells encased by ectoderm and proceeds to grow until each of the
characteristic limb segments (the stylopod – humerus or femur,
zeugopod – radius/ulna and tibia/ﬁbula, and autopod – wrist or
ankle and digits) are established.
Within the limb bud, there are two integrated signalling centers
which act to direct development along the anterior-posterior (A–P; or
thumb little ﬁnger, radius to ulna/tibia to ﬁbula) and proximal-distal
(P–D; or body wall to ﬁngers/toes) axes. These signalling centers are
known as the zone of polarizing activity (ZPA), located at the posterior
limb bud mesenchyme and expressing sonic hedgehog (Shh), and the
apical ectodermal ridge (AER) located at the limb bud distal tip which
expresses ﬁbroblast growth factors (Fgf8, Fgf4, Fgf9, and Fgf17). It is
clear that the interplay between signals from the ZPA and AER
ultimately results in the formation of the stylopod, zeugopod, and
Table 1
Summary of limb skeletal abnormalities observed at E18.5.a
B1−/−
(n=4, embryos)
γ−/−
(n=4)
B1−/−/γ+/−
(n=8)
B1−/−/γ−/−
(n=3)
Forelimbs
Clavicle formed 0/4 (0%) 4/4 (100%) 0/8 (0%) 3/3b (100%)
Humerus formed 0/4 (0%) 4/4 (100%) 0/8 (0%) 3/3 (100%)
Radius/ulna
formed
0/4 (0%) 4/4 (100%) 0/8 (0%)
Partial 3/3 (100%)
Digit number
One 1/4 (25%)
Two 3/4 (75%) 4/8 (50%)
Three 4/8 (50%)
Four 3/3 (100%)
Five 4/4 (100%)
Hindlimbs
Pelvic bone
formed
4/4 (100%) 3/3c (100%)
Partial 1/4d (25%) 8/8e (100%)
Femur formed 0/4 (0%) 4/4 (100%) 0/8 (0%) 3/3 (100%)
Tibia/ﬁbula
formed
0/4 (0%) 4/4 (100%) 0/8 (0%) 0/3 (100%)
Digit number
One 1/4f (25%)
Two 3/4 (75%) 4/8 (50%)
Three 3/8 (37.5%)
Four 1/8 (12.5%) 3/3 (100%)
Five 4/4 (100%)
a All phenotypes were observed to be bilateral.
b Smaller than normal.
c Ilium and pubis nearly normal but no ischium.
d Partial formation of pubis.
e Formed normally with reduction in length of ilium.
f Two digits but fused at terminal phalanx.
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remains signiﬁcant difﬁculty in reconciling the various genetic data
generated in recent years with an appropriate model of vertebrate
limb development, and the signals involved in regulating P–D limb
outgrowth (Mariani et al., 2008; Tabin and Wolpert, 2007). More
speciﬁcally, although the AER-derived FGFs have been recently shown
to each play a component role and function instructively in limb
outgrowth (Mariani et al., 2008), the need for an opposing proximal
signal remains undeﬁned. It has been suggested that this signalmay be
RA (Mariani et al., 2008;Mercader et al., 2000), which is able to diffuse
into the limb bud from the adjacent ﬂank region, and can oppose FGF
signalling following exogenous application (Mercader et al., 2000).
RA has long been implicated in limb development. Early studies on
regenerating amphibian limbs showed that RA had proximalizing
activity (Maden, 1982; Niazi and Saxena, 1978), and it was the ﬁrst
candidate morphogen described based on studies in chick limbs,
where RA was found to elicit polarizing activity leading to digit
duplications (Summerbell and Harvey, 1983; Tickle et al., 1982).
Moreover, ablation of the main RA-synthesizing enzyme, RALDH2,
results in an absence of limb buds (Niederreither et al., 1999), and RA
excess, either pharmacologically or by disruption of the main CYP26
expressed in the limb, Cyp26b1, results in various limb malformations
including shortening of the P–D axis (Yashiro et al., 2004). Taken
together, these early data led to the paradigm that RA acted as an
instructive proximalizing morphogenetic factor in limb development;
functioning in a graded manner to activate transcription of target
genes and thus provide positional information to limb cells. However,
using a genetic model that lacks RA synthesis, it has recently been
shown that RA is, in fact, dispensable for normal limb P–D patterning
but permissive for forelimb induction (Zhao et al., 2009).
At early stages of limb development, RA is locally produced in the
ﬂank mesoderm by RALDH2, and restricted from diffusing into the
limb bud by the activity of the RA-metabolizing enzyme CYP26B1. In
the absence of CYP26B1 embryos exhibit defects of both fore- and
hindlimbs, caused by local increases in RA, resulting in phocomelia
and hypodactyly (Yashiro et al., 2004; and this work). This phenotype
was previously suggested to be the result of misexpression of genes
involved in P–D patterning, including expansion of proximal Meis
genes and loss of distal Hox genes, along with increased cell death in
chondrogenic precursors, and delayed chondrocyte maturation
(Yashiro et al., 2004). However, the observed phenotype – severe
reduction/fusion of the stylopod and zeugopod along with loss of
wrist elements and some digits – was not consistent with what is
predicted following an increase inMeis expression, namely a selective
shortening of the zeugopod and minor effects on autopod formation,
but minimal effects on stylopod development (Capdevila et al., 1999;
Mercader et al., 1999, 2009). Here we expand upon and reinterpret
these data by showing that further disruption of all isotypes of Rarg in
a Cyp26b1-null background is able to rescue formation of the stylopod
and some digits, but not the zeugopod. We show that there is
increased limb mesenchymal cell survival in the compound-null
limbs, but that regulation of P–D patterning genes remains unchanged
between Cyp26b1−/− and Cyp26b1/Rarg compound-null limbs. This
model provides genetic evidence to suggest that there are two
discrete effects of ectopic RA in the limb following the loss of
CYP26B1, a “teratogenic” effect mediated by RARγ, and a patterning
defect typiﬁed by the expansion of Meis2, which does not require
RARγ.
Materials and methods
Creation of mouse strains
Generation of the mice lacking Cyp26b1 and all isotypes of Rarg,
along with genotyping methods by PCR, have been previously
described (Iulianella and Lohnes, 1997; MacLean et al., 2007). Themice used in this study were of a mixed genetic background and all
embryonic genotypes were generated by intercrossing Cyp26b1+/−/
Rarg+/− animals. All animal experiments were performed in ethical
accordance with protocols approved by the University's Animal Care
and Use Committee.
Skeletal analysis
Cartilage and bone were stained with Alcian blue and Alizarin red,
respectively, at E18.5 following standard procedures (Jegalian and
De Robertis, 1992). A total of 19 fetuses, including 3 Cyp26b1−/−/
Rarg−/− embryos, were scored for skeletal abnormalities (see Table 1
for limb analysis).
Whole-mount in situ hybridization
Staged embryos were pooled according to genotype and
whole-mount in situ hybridization was performed according to
standard protocol (Chotteau-Lelievre et al., 2006). For each probe,
embryos were processed concurrently and staining reaction times
were maintained between genetic groups to control for variations
in signal intensity. At least 3 Cyp26b1−/− and control, and 2
Cyp26b1−/−/Rarg−/− embryos were examined for each gene and
developmental stage. There was no variation observed within the
genetic groups and results depict representative staining. Plasmids for
making antisense riboprobes were described previously (Cyp26b1)
(MacLean et al., 2001) or kindly provided by Drs. P. Dollé (Meis2,
Hoxa13, Hoxd13, Rarg) Y. Chen (Shox2), S. Potter (Hoxa11), G. Martin
(Fgf8), and A. McMahon (Shh).
Analysis of apoptosis in whole limb buds
Embryos were collected into warm PBS and stained with 5 μM
LysoTracker Red (Invitrogen Canada Inc.) in PBS at 37 °C for
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and ﬁxed in 4% paraformaldehyde for 6–18 hours. They were then
rinsed three times with PBS, dehydrated in 100%methanol, and stored
at −20°C until imaged. For image acquisition, the embryos were
rehydrated using a methanol series (75%, 50%, 25%) and counter-
stained with DAPI in PBS. Then whole limbs were removed and placed
onto glass slides, and overlaid with ﬂuorescence mounting medium
(Dako Canada Inc.). The entire dorsoventral width of each limb bud
was scanned for areas of apoptosis, equivalent sections were found by
locating the AER, and images were captured using a Leica TCS SP2
multiphoton confocal microscope. At least 8 limb buds were
examined for each genotype and developmental stage, and represen-
tative images are shown.
Results
Genetic removal of Rarg in a Cyp26b1−/− background partially rescues
limb skeletal morphology
The expression patterns for the Cyp26 family of enzymes are
generally spatially distinct throughout embryonic development (Abu-
Abed et al., 2002; MacLean et al., 2001). Cyp26b1 is strongly expressed
in the developing limb bud throughout proximo distal outgrowth and
is the main enzyme involved in metabolizing RA in this tissue. In the
absence of CYP26 enzymes, RA is present and able to signal through
RARs. Both Rara and Rarg are expressed throughout the developing
limb budmesenchyme (Dolle et al., 1989), but work by our laboratory
and others has illustrated that RARγ is the isoform responsible for
mediating the teratogenic response in tissues sensitive to RA (Abu-
Abed et al., 2003; Iulianella and Lohnes, 1997). The domain of
expression of Rarg in the developing limb closely overlaps with that of
Cyp26b1 throughout normal proximo-distal outgrowth between
embryonic day (E)9.5 and E12.5 (Figs. 1A–H, insets), and Rarg
expression also corresponds to the caudal expression domain of
Cyp26a1 (Figs. 1E–H and Abu-Abed et al., 2003), further suggesting a
speciﬁc role for this receptor isoform in certain RA-sensitive tissues.
Mice deﬁcient in RARγ can survive to adulthood and exhibit
defects such as stunted growth, male sterility, and homeotic vertebral
transformations but have normal development of the limbs (Lohnes et
al., 1993). Interestingly, following bolus treatment with a teratogenic
dose of RA, caudal and craniofacial regions of Rarg−/− embryos were
resistant to defects normally associated with RA treatment, whereas
the limbs were not found to be resistant to teratogenesis (IulianellaFig. 1. Expression of Cyp26b1 and Rarg in developing embryos. Expression of Cyp26b1 (A–D)
for these two genes in the limb bud (insets). Note that Rarg is also strongly expressed in the c
al., 2001). White arrowheads point to the emerging forelimb bud at E9.5 and insets show eand Lohnes, 1997). This is likely because RARα can also mediate the
RA signal in the limb following this supraphysiological dose. However,
using a genetic model to examine the effects of modulating RA
signalling following a change in the endogenous distribution of RA
(following removal of CYP26B1), we have uncovered in vivo evidence
that RARγ is functional in limb skeletal development in the presence
of physiologically relevant levels of RA; with the resulting compound
mutant displaying an improved skeletal phenotype with a rescued
stylopod and increased number of digits (Fig. 2 and Table 1).
A loss of CYP26B1 (B1-KO) causes severe truncations of both fore-
and hindlimbs resulting in greatly reduced stylopod and zeugopod
structures, and loss of wrist elements, and some digits (Figs. 2B and F;
compare with Figs. 2A and E), and removing RARγ in the Cyp26b1-
null background ameliorates these defects. Loss of one allele of Rarg
partially restores digit formation and partially rescues formation of
the pelvic bone (Figs. 2C and G) and compound Cyp26b1/Rarg
knockout embryos (DKO) exhibit complete restoration of the clavicle,
pelvic girdle, and stylopod, and partial rescue of the autopod (in fore-
and hindlimbs) but retain a greatly reduced zeugopod as compared to
wild-type (Figs. 2D and H).
Aberrant expression of proximal–distal patterning genes remains
unchanged between Cyp26b1-null and Cyp26b1/Rarg compound-null
embryos
To examine whether the skeletal rescue phenotype was the result
of respeciﬁcation of cell fates within the developing limb we analyzed
various markers of P–D patterning during limb outgrowth. The “early
speciﬁcation”model of limb development argues that cells within the
early limb mesenchyme are already fated to become the stylopod,
zeugopod, and autopod. These limb segments can be visualized by
examining the expression of genes thought to be involved in P–D
speciﬁcation; which include Meis2 and Shox2 (stylopod), Hoxa11
(zeugopod), and Hoxa13 and Hoxd13 (autopod). The expression of
each of these genes was examined in control, B1-KO, and DKO mice
during early limb development (E10.5–E11.5) (Fig. 3).
Meis2, widely accepted as a marker of the presumptive stylopod
region, is an RA-responsive gene which has been found to be
repressed by FGF signalling in vertebrates pharmacologically
(Mercader et al., 2000) and physiologically (Mariani et al., 2008).
Meis2 encodes a homeobox transcription factor which is thought to be
required for determining proximal cell fates, in that overexpression
can cause proximalization of distal cells/elements (Mercader et al.,and Rarg (E–H) in E9.5-E12.5 wild-type embryos illustrates the overlapping expression
audal and craniofacial regions, which overlaps with expression of Cyp26a1 (MacLean et
nlargement of forelimb buds.
Fig. 2. Skeletal development following ablation of Rarg in a Cyp26b1-null background. Comparison of forelimbs (A–D) and hindlimbs (E–H) from E18.5 prenatal mice, genotypes as
indicated. In Cyp26b1/Rarg DKO mice, both fore- (D) and hindlimbs (H) exhibit full rescue of stylopod and partial rescue of autopod formation. In addition, DKO mice also show
rescue of clavicle development and pelvic bone (arrows), whereas B1-KOmice (B, F), even when heterozygous for Rarg (C, G), have either absence or abnormal development of these
structures (arrowheads). Abbreviations: A, autopod; Cl, clavicle; DT, deltoid tuberosity; Fe, femur; Fi, ﬁbula; Hu, humerus; Rd, radius; S, stylopod; Sc, scapula; Ti, tibia; Ul, ulna; Z,
zeugopod; I–V, digit number (anterior to posterior).
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Meis2 by RA has been shown to be effected by RARγ in vitro (Galdones
et al., 2006).
Meis2 expression is normally restricted to the presumptive
stylopod region (Figs. 3A and D), but in B1-KO and DKO limbs at
E10.5, it was found to be expressed in a distally expanded domain
encompassing the zeugopod/autopod (Yashiro et al., 2004 and Figs.
3B and C). This expanded region of Meis expression was maintained
into the zeugopod element in B1-KO and DKO limbs at E11.5 (Figs. 3E
and F) and can be attributed to the concomitant expansion of RA into
more distal aspects of the limb bud due to the absence of CYP26B1 in
both cases. Although it has been demonstrated that excess RA can
upregulate Meis2, it should be noted that endogenous RA may not, in
fact, be required for the induction of Meis2. For example, Raldh2−/−
embryos at E10.5 which have been rescued with a low dose of RA
retainMeis2 expression in the limb proximal mesoderm, although RA
is apparently absent from this tissue (Niederreither et al., 2002; Zhao
et al., 2009). However, the possibility remains, albeit remote, that low
levels of RA that are below the indirect methods of detection used in
these studies are sufﬁcient to trigger key patterning events.
Although the Meis-positive domain is expanded, speciﬁcation of
distal cells by FGFs is not compromised in B1-KO mice since Fgf8
expression is normal (Yashiro et al., 2004 and data not shown), and
FGF signalling (measured by Mkp3 expression and pERK levels
(Yashiro et al., 2004)) appears to be unaffected. Moreover, speciﬁca-tion of ZPA cells in B1-KO and DKO limbs occurs normally, as Shh
expression was also found to be maintained (Yashiro et al., 2004 and
data not shown).
The complete rescue of stylopod formation in the DKO embryos
prompted us to examine the expression of Shox2, a transcription
factor that was recently characterized as a speciﬁc determinant of
stylopod formation. Although Shox2 expression normally extends
from the ﬂank and encompasses both the presumptive stylopod and
zeugopod, ablation of Shox2 results in absence exclusively of the
stylopod (Cobb et al., 2006; Yu et al., 2007). Moreover, RA bead
implantation in chicks showed that expression of Shox could be
repressed by RA (Tiecke et al., 2006). Shox2was found to be expressed
in B1-KO limbs and DKO limbs in a domain similar to that of control
limbs at both E10.5 and E11.5 (Figs. 3G–L), illustrating that Shox2 is
not repressed in vivo by endogenous levels of RA and that the lack of
stylopod seen in B1-KO limbs and the corresponding rescue in DKO
embryos is not due to altered Shox2 expression.
Expression of the zeugopod marker Hoxa11 was examined and
found to be comparable in control, B1-KO and DKO limb buds at E10.5
(Figs. 3M–O). At E11.5, expression of this gene is distally shifted in B1-
KO limbs (Yashiro et al., 2004 and Fig. 3Q, cf., Fig. 3P). This is likely a
result of the combined loss of distal tissue in B1-KO buds, as shown by
examining expression in DKO limb buds at the same stage (Fig. 3R),
along with Meis expression encroaching on the presumptive zeugo-
pod/Hoxa11-expressing region; since Meis (as well as RA) has been
Fig. 3. Expression of markers for P–D speciﬁcation in B1-KO and DKO limbs. Expression was examined by whole-mount in situ hybridization in control, B1-KO, and DKO limb buds (genotypes as indicated). Dorsal views of forelimb buds are
shown with anterior at the top. Similar results were found for hindlimb buds. Expression of stylopod markersMeis2 at E10.5 (A–C) and E11.5 (D–F) and Shox2 (E10.5, G–I; E11.5, J–L), the zeugopod marker Hoxa11 at E10.5 (M–O) and E11.5
(P–R), and autopod markers Hoxa13 (E10.5, S–U; E11.5, V–X) and Hoxd13 (E10.5, Y–A′; E11.5, B′–D′) are shown.
183
T.Pennim
pede
et
al./
D
evelopm
ental
Biology
339
(2010)
179
–186
184 T. Pennimpede et al. / Developmental Biology 339 (2010) 179–186shown to be able to repress the expression of distal Hox genes
(Capdevila et al., 1999; Mercader et al., 1999; Mercader et al., 2000).
Notably, the expression of Hoxa11was maintained in B1-KO and DKO
limbs although the zeugopod fails to form in these mice (Figs. 3N and
Q). This is consistent with what has been observed following
progressive disruption of limb FGFs, which also lack zeugopod
formation (Mariani et al., 2008).
Both HOXA13 and HOXD13 are required for proper formation of
the autopod, although they are able to at least partly compensate for
one another (Fromental-Ramain et al., 1996). Expression of Hoxd13
was comparable to that of normal limbs at E10.5 (Figs. 3Y–A′), and
this expression was maintained but shifted distally in B1-KO and DKO
limb buds at E11.5 (Figs. 3B′–D′). In contrast, Hoxa13 was down-
regulated in B1-KO limbs at E10.5 (Fig. 3T) and E11.5 (Fig. 3W), and
this reduced expression was maintained in DKO limbs at E10.5 (Fig.
3U) and was more pronounced at E11.5 (Fig. 3X). The observed
further reduction in Hoxa13 expression in E11.5 DKO limb buds can be
explained by the loss of RARγ, since expression of Hoxa13 was also
found to be drastically downregulated in RARγ-KO limbs at E11.5
(data not shown). However, this reduction in Hoxa13 expression in
DKO limbs is not sufﬁcient to explain the defects in autopod formation
because, although Hoxa13−/− mice lack formation of the anterior-
most digit (Fromental-Ramain et al., 1996), Rarg−/− mice have
normal limbs. This suggests that residual expression of Hoxa13 is
sufﬁcient, along with maintenance of Hoxd13 to allow for a normal
autopod to be formed.
Localized mesenchymal cell death is rescued in Cyp26b1/Rarg DKO
limbs
Notably, B1-KO limb buds are observed to be amorphous by E11.5,
although they are similar in size to control buds at E10.5. At E11.5, B1-
KO limb buds appear pointed and lack the classic paddle shape, which
is found to be partially restored in DKO limb buds (for examples, see
Fig. 3). An examination of whole limb buds stained with LysoTracker
Red, a vital lysosomal ﬂuorescent dye which marks apoptotic cells
(Zucker et al., 1999), illustrated that the cause of the loss of paddle
shape was extensive and localized cell death after E10.5. Although the
amount of apoptosis was found to be similar in control, RARγ-KO, B1-
KO, and DKO limb buds at E10.5 (Figs. 4A–D), greatly expanded
domains of cell death were visualized in both anterior and posterior
regions of B1-KO forelimb buds at E11.5 (Fig. 4G). In the DKO limbFig. 4. Effects of increased RA on limb bud cell survival. Confocal images through equivalen
stained with LysoTracker Red for apoptotic cells. A similar result was found for hindlimb b
posterior; Pr, proximal.buds, the level of apoptosis is returned nearly to normal. In particular,
the posterior domain of cell loss was found to be completely rescued
at this stage (Fig. 4H). The same result is found for hindlimb buds
(data not shown). A previous examination of B1-KO limb buds also
noted increased cell death using TUNEL staining at E11.5 and at E12.0
(Yashiro et al., 2004). In this previous study, apoptosis in B1-KO limbs
was found to correspond to precartilaginous condensations of the
long bones. We have found an additional, and previously unchar-
acterized, major area of cell death at E11.5 in the anterior and
posterior margins of the B1-KO limb bud, which contributes to the
change of shape observed from this time point onward.
Discussion
The role of RA in limb morphogenesis has been highly debated.
Limb defects in mice caused either by treatment with exogenous RA,
or inappropriate exposure to endogenous levels of RA following the
loss of CYP26B1, have revealed that controlled exclusion of RA from
the limb bud is essential for proper limb morphology (Yashiro et al.,
2004). However, although excess RA is able to elicit P–D patterning
defects, it may not be essential for patterning to occur (Zhao et al.,
2009). By modulating both RA distribution (following loss of
CYP26B1) and signalling (through the additional loss of RARγ), we
have uncovered two separate effects of RA in the limb which are able
to reconcile these observations. The primary effect of RA in causing
limb defects is a “teratogenic” one, and the second effect is evidenced
by P–D patterning defects caused by the expansion of the RA-
responsive Meis genes.
We are presently unsure as to why cells located in the anterior and
posterior limb mesenchyme are speciﬁcally targeted for cell death
following ablation of Cyp26b1 or the mechanism resulting in
increased cell survival following the additional loss of Rarg. The
result, however, is that inappropriate exposure to endogenous levels
of RA causes a reduction in the amount of mesenchyme in B1-KO limb
buds, thus affecting gross morphology. Mesenchymal limb bud
volume is likely to be a critical determinant of ﬁnal skeletal pattern
(Mariani et al., 2008; Niswander, 2003; Sun et al., 2002; Tabin and
Wolpert, 2007). In fact, it has recently been shown that phocomelia
caused by X-irradiation in chick limbs is the result of a reduction in the
number of skeletal progenitors, as opposed to changes in P–D
patterning (Galloway et al., 2009). Our results provide a mammalian
genetic model that is consistent with this by illustrating a reduction int sections of E10.5 (A–D) and E11.5 (E–H) forelimb buds for the indicated genotypes
uds (not shown). Scale bar represents 300 μm. Abbreviations: A, anterior; D, distal; P,
Fig. 5. Consequences of loss of CYP26B1 and RARγ on ﬁnal skeletal outcome. (A) RA (orange) is generated from the proximal ﬂank mesoderm and FGFs (green) from the AER. In the
absence of CYP26B1, RA extends more distally, while the FGF signal remains unchanged. (B) Expression ofMeis (purple) is dependent on RA and is therefore distally expanded in B1-
KO and DKO limbs. The distal limit of expansion is equivalent in B1-KO and DKO buds, but their different shapes at E11.5 result in a larger amount of Meis-free tissue (brackets),
which may contribute to increased digit number in DKO limbs (D). AlthoughMeis expression remains distalized in DKO limb buds, the most proximal limb element (the stylopod) is
completely rescued in DKO limbs (D). Inappropriate expansion of RA also results in elevated apoptosis (shown in pink) within B1-KO limbs, causing gross morphological changes in
bud shape, but the loss of RARγ reduces the overall cell death, particularly the posterior apoptotic domain (C). (D) Overall, the loss of Rarg in a Cyp26b1-null background rescues limb
skeletal elements, particularly the stylopod (green) and autopod (yellow), as opposed to the zeugopod (blue).
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independently of rescued expression of classical P–D patterning
genes (summarized in Fig. 5). These results show that the effects of RA
on cell death are mediated mainly through RARγ, which can account
for the loss of digits in the B1-KO embryos, and the corresponding
rescue of all but one digit in DKO embryos. Although RA is known to
interfere with chondrogenesis in vitro (Weston et al., 2002), Sox9
expression is retained in B1-KO limbs (Yashiro et al., 2004). Since Rarg
is expressed during later stages of embryogenesis in all chondrogenic
precursors (Dolle et al., 1990; Ruberte et al., 1990), it is conceivable
that at later stages the loss of RARγ in chondrocytes also aids in their
survival and the observed increase in skeletal mass.
The patterning defect caused by Meis expansion in the absence of
CYP26B1 is obscured by cell death but becomes apparent following
removal of RARγ in B1-KO mice. Our results show that the induction
of Meis2 by RA found in the absence of CYP26B1 is mediated by RARs
other than RARγ (presumably RARα). The Meis-negative area of the
presumptive autopod in the DKO limb bud is larger than that of the
B1-KO limb bud, which contributes to the improvement in digit
formation seen in the DKO limbs. Since the stylopod is completely
rescued in the DKO limbs, and Meis2 expression was found to
encompass the presumptive stylopod region along with zeugopod
and part of the autopod in DKO limb buds (Figs. 3D–F; summarized in
Figs. 5A and B), our results illustrate that restriction of Meis to the
presumptive stylopod/ﬂank is not essential for formation of proximal
skeletal elements.
According to the prevailing notion that Meis expression is
instructive for stylopod formation, along with the phenotype
observed following ectopic Meis expression distally (Mercader et al.,
2009), expanded Meis expression into the presumptive zeugopod
region (as is seen here in B1-KO and DKO limbs) predicts respeciﬁca-
tion of those cells to a more proximal fate, resulting in normal
stylopod formation, but a shortened zeugopod. This is not what is
observed following removal of CYP26B1 alone (Yashiro et al., 2004
and Fig. 2) but is consistent with what is observed in limb buds
progressively devoid of FGFs (Mariani et al., 2008). However, in each
of those models the patterning defect caused by Meis expansion is
overshadowed by signiﬁcant cell death, whereas the stylopod can be
observed in our model following ablation of both CYP26B1 and RARγ
(Fig. 2), since the mediator of the apoptotic insult (RARγ) is absent.
The primary role of RA in the early developing limb is to initiate
limb bud outgrowth (Zhao et al., 2009), following which CYP26B1expression commences in order to keep the distal limb bud in an RA-
free state. Although these data illustrate that RA is able to affect
pattern in the proximal limb, this may be an effect of increased and
inappropriate RA exposure in this tissue rather than a natural role for
RA in limb morphogenesis, since RA is seemingly not required for
early P–D limb patterning (Zhao et al., 2009). The gatekeeping
function of CYP26 is critical to avoid RA-induced apoptosis, and likely
also premature differentiation. This notion is supported by our results
showing premature entry into meiosis in Cyp26b1-null testes
(MacLean et al., 2007) and is also what is seen in two zebraﬁsh
models of Cyp26b1mutation where increased RA results in premature
ossiﬁcation of skeletal structures (Laue et al., 2008; Spoorendonk et
al., 2008). Taken together, these results suggest that the primary role
of CYP26 in the limb, and likely other tissues, is not to act as a “sink” in
creating a morphogen gradient (Yashiro et al., 2004), but rather to act
as a barrier in order to limit cellular exposure to RA until such time as
it is required for growth or differentiation.Acknowledgments
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